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INTRODUCTION 


This analysis was prepared to aid in the failure investigation of the 
High-Speed 7- x 10-Foot Wind Tunnel. The High-Speed 7- x 10-Foot Wind Tunnel 
at Langley Research Center, Hampton, Virginia, experienced a catastrophic 
failure of all 18 Sitka spruce fan blades during operation at 0.8 Mach number 
on July 9, 1985. The High-Speed Tunnel, a closed-ci rcuit/single-return 
atmospheric wind tunnel, has been operated since 1945 to support a wide range 
of subsonic aerodynamic tests and studies. The failed blade set had been in 
use since 1975. In addition to blade loss, the most significant damage was a 
bent main drive shaft for a total estimated damage loss of $1.7 million. 

An analysis of the natural frequency characteristics as well as loads, 
reactions, stresses and deflections of the fan drive system resulting from 
steady-state and dynamic loads due to unbalance was performed. Transient 
load cases were simulated by step input and ramp input loading functions 
intended to simulate the loss of one to nine blades (maximum unbalance 
forces). (Note: The fact that the fan rpm changes and there is a change in 

inertia with time is not strictly accounted for in this problem but rather, 
the solution(s) are intended to bound the dynamic response). 


ANALYSIS 


Math Model : 

The 7- x 10-Foot Tunnel drive system is depicted as Figure 1 and consists of 
an 18-blade fan disk driven by a 14,000 horsepower motor with 14 pole pairs 
winding giving a top synchronous speed of 514 RPM. The drive system speed is 
controlled by a motor generator set and liquid rheostat. For this study, the 
coordinates along the shaft are based on the fan centerline at station 0; the 
forward bearing at station 33; and the rear bearing at station 191. 

Pertinent physical characteristics of the drive system are tabulated as 
Table I and lists weights and inertia of the fan and motor. The analytical 
programs utilized for this study use a continuous beam approach and the 
distributive properties are tabulated as Tables II and III for the lateral 
and torsional studies, respectively. Table II lists the stations along the 
shaft (x); the distributed mass moment of inertia about a diametric pitch 
axis; the mass which is the mass per unit length; El which is the bending 
stiffness; and ASG which is the shearing stiffness per inch. Similarly, 

Table III gives the torsional physical characteristics as a function of x 
(station along the shaft) where ZR is the rotational inertia per inch and JG 
which is the torsional stiffness per inch. 
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Governing Equations For Dynamic Response Analysis 

The lateral deflection can be represented in modal form solution as: 

y(x,t) = " In^) 

n«l 

The governing differential equation for the generalized coordinate q n (t) is 
(assuming initial conditions 3 0) 

q n (t) + 2 c n w n q n + <^ 2 q n = ~ (2) 

n n 

where °? 

0 n s l Pi (t ) * n (x D ) 3 generalized force 

i =1 

Pi ( t ) = forcing function on shaft at blades 
$n(*p) = modal deflection at fan blades, station 0 
M n = generalized mass 

= modal frequency, rad/sec 
5 n = modal dampening (assume .01) 

Equation (2) will be solved for two types of generalized force, (a) a step 
function and (b) a ramp/step function. 

The magnitude of the forcing function is dependent upon the number of 
blades loss. The force per blade is 

F = mr-jj2 (3) 

The following assumptions are made: 

18 blades total 

Shaft speed = 465 RPM = 48.69 rad/sec 
Weight of blade loss = 250 lb/blade 
c.g. of blade = 105 inches from centerline 
blade spacing = 20° 
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The force for one blade loss is 

250 x 105 x 48. 69 2 = 1.612209 EOS lb 


F = 


386 


The force for loss of nine blades loss is 


F = 1.612E5 [sin 90+2 [sin 10 + sin 30 + si n 50 + si n 70 } ] 


F = 9.283E5 lb = force of 1/2 blades loss. 


Unit Step Function Forcing - The Laplace equation for the unit step 
forcing with 1/2 the blade loss and initial conditions q n (o) = q n (o) = 0 is: 


9n( s ) = 


9.283E5 ♦n(xp) 


Mn ^ [CS + t n <*»n ) 2 + aind 2 ] 


(4) 


where 


o> n d = u n 


/ 1-Cn : 


(5) 


is the damped natural frequency. The time domain solution of equation (4) is 

r 


, x 9.283E5 D n (x p ) ! e ‘ ? n ^ „ . 

q n (t) = j 1 + sin (wndt " 9 ) 


M n u n 2 


L 


A 




( 6 ) 


where 


0 = tan 


_1 / 1-Cn' 
"An 


(7) 


Equation (6) is the generalized coordinate for the nth mode. The moment 
response due to a step function force applied with zero initial conditions is 


M(x,t) = I qn^) 
n = l 


( 8 ) 



4 


where 4> n (x) is the modal moment for the nth mode and M(x,T) is the shaft 
moment . 

The shaft stress is given by: 


M c 10.18591 
° " I D3 

where 0 is the shaft diameter at x. 


(9) 


A plot of the first five generalized coordinates is given as Figures 2a 
to 2e. A plot of the maximum moments along the shaft, that is the maximum 
values of equation (8) is given as Figure 3. The corresponding maximum shaft 
shear is given as Figure 4. The shear time history at each side of the 
bearing is given as Figures 5a and 5b. The moment time history at the bearing 
is given as Figure 6. 


Ramp / step forcing func tion - The shaft speed of 465 RPM has a period 
.129 seconds - per revolution. If the forcing peaks in 1/2 of a revolution 
ramp/step function for loss of one-half of the blades can be assumed as 
follows: 

, 

^ F(t) = 9.283E5 




Time 


of 

, the 


The governing differential equation is: 

q n (t) + 2 ? n u»„ q n (t) + ^ q 0 (t) 

1.439E7E t <|> n (x D ) r , , v . 

= 2! EL [ U ( t ) - U(t-x) J 

^n 


( 10 ) 


The Laplace equation is: 

, , 1.439E7 (x p ) (l-e"*) 

9n( s ) 1— 

M n C(S + ; n 


! 


(ii) 
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Let A, 


n 


1.439E7 * n (x p ) 

M n 


( 12 ) 


Then the solution of equation (11) is: 


, n (t) Alt - i —*!**. * la * COS „ d t - »! ( 13) 


V 


“nd 




For t < t 


Qn( 


t) - iS- [t - — — $in 3 al ♦ !5S (e-'n %» co$ ^ . „] 


<*>nd 


“n 


^n_ f (t . T ) e ' Cn '~° n (t ' T) s1n “n d ( t-t) 
^n 2 'Aid 


ii" (e -tn-h (‘-0 cos - 1 )J 


(14) 


For t > t 


Equations (13) and (14) are the generalized coordinates for the ramp/step input 
and are plotted on Figures 7a to 7e for generalized coordinates 1 through 5, 
respectively. Figures 7a-7e are for a rise time to first mode period rates, 
T 1^ T 1 = The hearing maximum moment and maximum shear for the 

ramp/step input is plotted as Figures 8 and 9, respectively. The time history 
of the shear at each side of the bearing is given as Figure 10a and 10b and 
tne time history of the moment is given as Figure 11. 

Load cases studied : 

Static loadings of (a) gravity, (b) an unbalance load due to one blade loss, 

(c) an unbalance load due to nine blades loss were evaluated. The applied 
loading for the static blade loss was the centrifugal force unbalance only and 
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did not include the aerodynamic unbalance which is a small effect (adds 
approximately 10% to all loads). The shaft was assumed to rotate at 465 RPM 

and the weight of blade loss was 250 pounds at a center of gravity distance of 

105 inches from axis of rotation. 

Dynamic response studies for nine blades loss were run for a step function and 
for a ramp/step function where the rise time was varied. Let the rise time be 
defined as q and the shaft first mode period as t; then the ratio t/q varied 

0, .6, 1., 1.5, 2 for the dynamic runs. 


RESULTS AND OISCUSSION 


Dynamic Characteristics of Drive System. The lateral and torsional modal 
analysis of the 7 X 10 tunnel was run on LRC programs LATVIB and T0RVIB 
(refs. 1 and 2), respectively. These programs use a transfer matrix approach 
for the solution and therefore use a continuous beam description. Table IV 
lists the lateral and torsional modal frequencies in units of hertz and the 
generalized masses in units of lb-sec 2 /in for the first five modes. 

A Campbell diagram for the 7 X 10 tunnel drive is given as Figure 12. All 
modes are significantly above the 1 per revolution excitation. The first 
lateral of 15.5 hertz corresponds to the 2 per revolution excitation at the 
shaft speed of 465 RPM. The 7 X 10 tunnel drive should not, however, have a 
high 2 per revolution excitation which might exist in an asymmetric shaft 
design or a shaft drive with self aligning couplings. 

A plot of the lateral mode shapes is given as Figure 13 and the torsional 
mode shapes is given as Figure 14 for the first five modes. 

A dynamic response for a step function torque of 1.E6 inch-lb. applied at the 
fan centerline was accomplished. The generalized coordinates are defined 
similar to equation (6) of analysis section except torsional frequencies, mass 
and deflections were used. The maximum torque was calculated and tabulated as 
Table I. The maximum torque and maximum torsional stress for the step excita- 
tion occurs at station 8 which is in the region of the fan keyway. 

Steady state response : 

The static steady state response was accomplished by a two point boundary 
value program at LaRC. The forward bearing was simulated by a large spring 
attached to ground at station 33 and the two boundaries were the free end at 
the fan and the simply supported rear bearing. The physical properties for 
the static problem were the same as listed previously for the dynamic studies. 

The results for gravity load; 1-blade loss (F = 1.6122ES lb); and 9-blade 
loss (F = 9.283E5 lb) are given as Figures 15, 16, and 17, respectively. For 
the tables, y represents the deflection (inches); alpha the slope in units of 
radians; m the moment in units of inch -pounds; v the shear in units of pounds. 
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U n b alance force required to def lect blade c e nter) i ne 0 . 10 i nc hes (s t ead y 
state response! 

The deflection at the blade centerline (station 0) due to one blade loss 
(force = 1.6122E5 lbs) was .0588 inch. This would indicate that a static 
force of ( . 1/ .0589) X 1.6122E5, or a loss of 1.7 blades would be required for 
wall contact, where 0.10 inch has been assumed to be the blade clearance. 

Dynamic response for loss of up to nine blades 

The dynamic response for nine-blade loss and having a step function 
(t/tj= 0), where x^ = rise time and x is the first mode period and for a 
ramp/step function was presented in analysis section. A plot of the maximum 
moment for the step and ramp/step function was given as Figures 3 and 8, 
respectively, the latter being presented for the parameter x/ q = .6, or the 
rise time equal to one-half the first mode period. Similar plots were given 
for the maximum shear in Figures 4 and 9. Figure 6 depicts the resulting 
moment time history at the forward bearing station 33 and it is evident that 
the modal participation is almost entirely that of the first mode. The shear 
history given as Figures 5a and 5b, however, shows significant third mode par- 
ticipation. The dynamic response history for the ramp/step function, 

Figures 10a, 10b, and 11 show almost entirely first mode participation. 

A general statement about the modal participation along the drive shaft is 
that the modal participation consists of several modes but most of the shaft 
can be described via the first mode. 

The stress in the shaft is given by equation (9) which is 

„ s M(x t t) (9) 

D 3 

The stress at the forward bearing (x = 33) is obtained with 0 * 16 inches. 

The reaction of the forward bearing is given by the difference between the 
shear at station x = 33. 

The deflection and slope at the forward bearing is given as Table VI for the 
step and ramp/step function. 

As has been mentioned earlier, the dynamic study for the parameter x/xj was 
run for x/xj = 0, .6, 0., 1.5 and 2. Only the plots for x/xj * .6 have been 
included in this report. A tabulation of the results for the complete para- 
metric study has been presented as Table VII. The aerodynamic moment was not 
included in this study, as has been mentioned earlier. The aerodynamic unba- 
lance would contribute approximately 10 percent the effect of the centrifugal 
force unbalance. The results of the centrifugal force have been increased by 
10 percent for Table VII. The values have been nor malized by their respective 
static values and presented as Table VIII with a plot shown as Figure 16. On 
Figure 18 is shown the dynamic factor for a single degree of freedom system. 

As mentioned earlier, the dynamic response at the forward bearing was mostly 
the first mode. Had the participation been entirely the first mode, the 
curves would have been as per the single degree of freedom curve. 
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The analysis results presented have been for the centrifugal force created by 
the blade loss. An additional moment load is due to the aerodynamics 
unbalance due to the blade loss and is approximately 10 percent of moment 
created by the centrifugal force at the forward bearing. The results pre- 
sented in Table VII for the moment and stress at the forward bearing account 
for the aerodynamics unbalance. 

A comparison of the calculated bending stresses at the bearing (highest stress 
point) given in Table VII indicate that partial to total yielding of the shaft 
would occur (see Table 1-A for strength values). In the case of a circular 
shaft, the modulus of yield (or rupture) would be 1.6 times the tensile capa- 
bility. Thus the stress required to form a plastic hinge would be 
1.6 x Syigici or for fracture 1.6 x S ult . Inspection of the drive shaft does 
show that it is bent and therefore yielded partially so that the solution 
results in Table VII are believed to bound the loads that the drive system 
experienced due to blade failure. 

Additionally, based on the estimated shear strength properties (see Table 1-B) 
for the four bearing pedastal tie-down bolts which failed in shear, a reaction 
at the bearing of approximately 854,000 lbs. would be sufficient to shear the 
bolts. Comparison of the required reaction load to the calculated loads in 
Table VII shows that the peak unbalance reaction load for all cases studied is 
greater than 854,000 lbs. 

Dynamic blade loss for .1 inch deflection 

The forcing for one-blade loss is 1.6122E5 and for nine-blade loss is 9.283E5. 
For the step input, the nine-blade loss gave a fan centerline deflection of 
.8228 inch. Thus 

.1" deflection _ FORCE 
.8228" deflection 9.283E5 

or FORCE = 1.1728E5 or 70% of one blade 

For the ramp/step using t/ti = 0.6, 

.1” deflection _ FORCE 
.61752' deflection ' 9.283E5 


or FORCE = 1.503E5 or 93% of one blade. 
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I CONCLUSIONS 

i 

i 

(1) No instabilities of operational resonances for the drive system were 
identi fied. 

(2) Upset (unbalance) loads due to blade(s) failure for all cases studied are 
sufficient to partially or grossly yield the drive shaft, fail the 
bearing pedestal bolts, and bring the blades into contact with the tunnel 
shell which would result in almost instantaneous destruction of the 
blades. 

(3) Transient solution results correlate with the damage sustained due to the 
mishap. 

(4) The analysis indicates that the loss of approximately 70% to 93% of the 
mass of one blade would deflect the centerline of the fan 0.1 inch which 
is the minimum measured operating gap between the blade tips and the 
tunnel shell. 


RECOMMENDATIONS 


(1) Upon completion of repairs, the drive shaft should be instrumented and 
vibration measurements taken during shakedown. 

(2) Permanent drive system monitors should be installed to trip the system 
offline if excessive vibrations occur. 

(3) If the present drive shaft is reused, hardness checks should be made and 
very thorough inspections completed before installation. 

(4) Because of the flexibility of the drive shaft resulting in high sensi- 
tivity to unbalance loads, consideration should be given to installing 
frangible tips on the new blade set and operating with a larger gap 
between the blade tip and tunnel wall. 
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TABLE I 

PHYSICAL CHARACTERISTICS OF 7 X 10 TUNNEL 

Total drive weight = 79451 lb. 

Fan blade and hub weight * 2800 lb. 

Motor rotor weight * 30396 lb. 

Total drive inertia s 437995 in lb. sec^ 

Fan blade and hub inertia = 252787 in lb. sec 2 
Motor rotor inertia a 182112 in lb. sec 2 

TABLE I -A 

SHAFT STRENGTH PROPERTIES 
(ESTIMATES FROM HARDNESS CHECKS) 

Room Temperature Values 
S u u » 95 ksi 
Syield “ 70 ksi 

TABLE I-B 

BEARING TIE-DOWN BOLTS ULTIMATE STRENGTH PROPERTIES 
(ESTIMATED FROM HARDNESS TESTS) 

Tensile Ultimate - 117 ksi 


Shear Ultimate - 94 ksi 



ORIGINAL PAGE IS 
OF POOR QUALITY 


TABLE II 
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PHYSICAL CHARACTERISTICS 
7Xlb TUNNEL LATERAL MODES 


X 

ZP 

MASS 

61 

_ _ AS G 

(INCHES) 

LB. SEC? 

LB. Sec 2 /in 2 

LB. IN 2 

LB. 

"-17.000 

.458656+00 

.650C06-01 

.181426+11 

.809506+09 

“-i 1.0 00 

,4 58656+00 

.650006-01 

.181426+11 

.809506+09 

“-11.000 

. 526646*04 

.315266*01 

.875976*11 

.177886+10 

0.000 

.526646+04 

.315266*01 

.901726+11 

.180476*10 

Ti.oob "• 

• 526646+04 

.315266*01 

.932936*11' 

.183576+10 

13.000 

.2358&6+01 

. 14741E+00 

.932936+11 

.18357E+10 

19.000 

.236866+01 

.147416*00 

•93293E+1 1 

.183576+10 

19". 000 

. 399236+01 

.191796*00 

•i5 79 16*12 

.238936*10 

24. 750 

.399236*01 

.191796*00 

.15791E+12 

•23883E+10 

24.750 

‘.182196 + 01 

•12956E*00 

.720666*11 

.161346*10 

33.000 

• 18219E + 01 . 

.129566*00 

.720666+11 

‘ .161346+10 

33.000 

• 1 82 1 9b *0 1 

.129566*00 

.72066E+11 

. 161346*10 

42.625 

.18219E+01 

.129566*00 

.720666*11 

.161346+10 

42.625 

• 399236*01 

.191796*00 

.157916*12 

.238836+10 

50.625 

.399236+01 

.191 796*00 

.157916+12 

.238836+10 

*56.000 

• 1 1940E +02 

.331676*00 

.472296+12 

.413036*10 

'' 56.000 

.172956*04 

.181756+01 

.472296+12 

.413036*10 

82.000 

♦172956*04 

.181756+01 

. 47229E+12 

" .413036*10 

82.000 

.172956*04 

. 18 1 756*01 

.46253E+12 

.408746+10 

83.000 " 

.172966*04 

. 13 175E + 01 

.46253E+12 

".408746 + 10 

96.500 

.172966*04 

.181756+01 

.462536*12 

.408746+10 

96.500 

. 1 7 2 95 E ♦ 0 4 

.131756*01 

.45292E+12 

.40447E+10 

109.500 

.172956*04 

. 18 1756 + 01 

.452926+12 

.404476+10 

' 109.500 

.114506+02 

. 324606 + 00 

.45292E+12 

.40447E+10 

130.500 

. 11450E*02 

.324606+00 

.452926+12 

.404476+10 

" 130.500 

.112116*02 

.321396*00 

.443466+12 

.400236+10 

148.500 

• 1 12 HE *02 

.321396*00 

.443466+12 

.400236+10 

148.500 

♦ 10976E*02 

.318006*00 

.434156+12 

.396006+10 

174.500 

♦ 109 76E + 02 

.318006*00 

.4341 5E+12 

. 39t>00E*10 

180.500 

. 746276*00 

.829196-01 

.295136*11 

. 10326E + 10 

185.813 

.746276*00 

.329196-01 

.295186+11 

. 103266+10 

"185.813 

.359896*00 

.575626-01 

.142356+11 

.717076+09 

191.000 

.359896*00 

.575626-01 

•14235E+11 

.717076*09 

191.000 

.359896*00 

. 8 7562E-01 

.142356*11 

.717076*09 

■' 196.188 

. 3 5989E *00 

.575626-01 

.142356+11 

. 717076*09 

196.188 

.746276*00 

.329196-01 

.295196+11 

.103266+10 

207.938 

.746276*00 

.829196-01 

.295136+11 

.103266*10 

207.933 

• 3 5989t +00 

.87562E-01 

1142356+11 

. 717076+09 

217.000 * 

.359896*00 

.5 756 2E-01 

.14235E+11 

. 717076*09 

229.000 

.359896*00’ 

• ? 7 5 6 2 6-01 

•14235E+11 

• 717076 + 0 9_ 

% 


CENTER OF GRAVITY X » 59.31878 

Total mass » 205.83259 

_s_ 


122106*05 



TABLE III 


physical characteristics 

A OR TORSIONAL VISRaTIOnS 
7X10 TUNNEL TORSION MQOfeS 


STATION 

X 

ZR 

JG 



(INCHES) 

LB. SEC2 

LB. IN2 

• 

i 

•17,0g0 

,91731E*0Q 

.137636*11 

• 

2 

•11,000 

,9 1 73 1 E *00 

.137636*11 

* 

i 

•11,000 

, 10533E*05 

•604536*11 

m 

4 

0,000 

,105336*05 

,664u7E*l 1 

• 

s 

13,000 

,105336*05 

,7q 7746*1 i 

m 

6 

13,000 

,47|7lEtoi 

,70774E*1 1 


7 

19,000 

, 47 l 7 1 EtO 1 

, 70 77 4£* 1 1 

•4 

' i 

19,000 

, 79fl4oEtO 1 

• 1 1 960E* 1 2 

* 

9 

24,750 

,79946E*01 

,1 190OE*12 

* 

10 

24,750 

,3oa39E*0t 

, 5467 1 E * 1 1 

«♦ 

11 

42,6*5 

,304396*0 1 

,5467 1 £♦ 1 1 

•• 

12 

42,625 

,79§46E*Q1 

,119601*12 

It 

13 

50,625 

,7934o£t0l 

, l 1980E*12 

It 

1 4 

56,500 

,23861 £+02 

, 358*96 ♦ l 2 

V 

15 

56,500 

,34590£*04 

,35829E*12 

«• 

lo 

82,000 

,345906*04 

, 358291*12 

II 

17 

62,000 

,34590Et04 

,350696*12 

ll 

18 

63,000 

,34*9QEt04 

,350896*12 

II 

19 

96,500 

,345906*04 

,350696*12 

«0 

20 

96,500 

,34?90£404 

,343596*12 

10 

21 

109,500 

,345906*04 

,343596*12 

m 

22 

109,500 

.229016*02 

,343596*12 

M 

23 

130,500 

, 2290 1 E*u2 

.343596*12 

*• 

24 

130,500 

,22U*3£t02 

•3364*6*12 

m 

25 

146,500 

,224236*02 

.336426*12 

*• 

29 

148,500 

,21952E*02 

.329556*12 


27 

174, 5o0 

, 2 1 9526*02 

.329356*12 

, m 

28 

160,500 

,149256*01 

.223916*11 


29 

165,813 

.149256*01 

,223936*11 

m 

iO 

165,613 

,71 9766+00 

, 1 07996*1 1 

m 

31 

196,166 

,7 1 978E+Q0 

.107996*11 

9 

32 

190,168 

,14925E*0l 

.223936*11 

m 

33 

207,918 

, 149256*01 

.223936*11 

m 

34 

207,936 

,719786*00 

.U799£*lt 

9 

35 

229,000 

,719786*00 

,107996*11 

I- 


CENTER OF ROTaRT INERTIA * 15,665*16 

TOTAL ROTARY INERTIA- a ,43799SOE*06 
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TABLE IV 


LATERAL TORSIONAL 


MODE 

FREQUENCY 

(HZ) 

GENERALIZED 

MASS 

FREQUENCY 

(Hz) 

GENERALIZED 

MASS 

1 

15.517 

.9477058E2 

18.015 

.1865477E6 

2 

41.505 

.9890384E2 

55.555 

.1336389E6 

3 

71.782 

.1650873E3 

96.238 

.8230074E5 

4 

116.054 

. 7522273E1 

104.498 

.1312093E6 

5 

131.51 

.1084724E2 

150.1341 

.9236134E5 
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ORIGINAL PAGE IS TABLE V 

OF POOR QUALITY MAXIMUM TORSIONAL RESPONSE DUE TO STEP FUNCTIONS 

“ TRANSONIC DYNAMIC" TUNNEL"! TORSIONAL. ANALYSIS : 

GENERALIZED COORDINATE ; 1 1 952220E-03 

GENERALIZED COORDINATE'- 2 - " . 2412180E-05- ' “ 

GENERALIZED: COORDINATE* 3- ~ .-:-.5673592E-05. - 
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TABLE VI 

DEFLECTION AND SLOPE AT FAN CENTERLINE 
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Figure 2d. - Mode 4 Generalized Coordinate for Step Function. 
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Figure 4. - Maximum Shear for Step Function at Forward Bearing. 
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Figure 6. - Step Function Moment at Forward Bearing. 
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Figure 7a. - Mode 1 Generalized Coordinate for Ramp/Step Function. 
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igure 7c. - Mode 3 Generalized Coordinate for Ramp/Step Function. 
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Figure 7d. - Mode 4 Generalized Coordinate for Ramp/Step Function. 
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Figure 12. - Campbell Diagram for 7 X 10 Tunnel. 
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Mode Shapes. 
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Figure 16. - Static Case - Force of 1 Blade Loss (1.6122E5 lb. 
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Figure 17. - Static Case - Force of 9 Blades Loss (9.283E5 lb. 
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Figure 18. - Dynamic Factor as a Function of Rise Time. 
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